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ABSTRACT 

This thesis investigates the feasibility of non- 
destructive testing techniques for the determination of 
cladding thickness on uranium fuel elements. The techniques 
investigated were uranium X-ray fluorescence attenuation and 
Compton scattering of photons from the cladding surface, 
Both spectroscopic and non-dispersive analysis techniques 
were employed in the investigation. 

The use of both the L and the K characteristic X-ray 
series of uranium was investigated for the various cladding 
materials. The investigation of the Compton scattering 
technique was also divided into two phases, based on the 
source of the photons. The first employed low energy photons 


from an industrial X-ray unit, the second employed the 
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radiation from a radium sounce, 

The results of the investigation have shown that the 
thickness of cladding on uranium fuel elements can be 
successfully measured, with accuracies up to one percent, 
by the use of the proposed techniques, The particular 
technique employed is a function of the atomic number and 


density of the cladding material. 
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INTHODUCT [OM 

The purpose of the thesis was to investigate, and 
evaluate as a production process, non-destructive testing 
techniques for the determination of metallic cladding thick- 
nesses on uranium fuel elements. The techniaues investi- 
gated were X-ray fluorescence and Conpton scattering, 
employing both spectroscopic and non-dispersive techniques 
as described under the respective sections on procedure. 

Cladding on reactor fuel elements is necessary because 
of the reactive characteristics of uranium metal. Uranium, 
in both its solid and liquid form, readily forms chemical 
bonds with water, the atmosphere and a large variety of 
organic and inorganic materials. Because of these chemical 
characteristics of uranium the reactor industry has devoted 
, considerable energy and expense in providing protective 
metal coatings to the reactor fuel elements, At the pre- 
sent time, application of this protective coating is usually 
accomplished by either electroplating, "canning" or co- 
extrusion processes, with the latter being preferred be- 
cause of the required thickness of the cladding material 
and economic considerations. Because of the irreversible 
corrosion effects and damages that could occur should the 
cladding material be outside of acceptable tolerances, it 
is desirable that some reliable method of ae control 
be emnloyed to insure proper performance durins reactor 


operation. 








The present non-destructive testing techniques now in 
use or under investigation are: l- autoradiographic tech- 
niques employing the natural 0.18 Mev Gamma ray of uranium, 
and 2- attenuation measurements of the 2.3 Mev Beta ray 
emitted by the Pa23l daughter of U?29 [7| . Sufficient 
information on the techniques to properly evaluate them 
was not given by the author, however, the autoradiographic 
technique is extremely slow ( 8-16 hours for a typical ex- 
posure ) and therefore not well suited for a production 
process. The Beta ray attenuation process appears to be 
promising, but sufficient information to properly evaluate 
the technique was not presented. 

A literature survey failed to reveal any previous in- 
vestigation of the applicability of the proposed techniques 
to non-destructive testing of reactor fuel elements, The 
technique of X-ray fluorescence has been applied to the 
determination of thin plating thicknesses, and has been 
industrially applied for the determination of thickness 
of tin plating on stee1.[ 1] However, no references were 
found indicating industrial application of this technique 
for testing of cladding thicknesses of the order used in 
cladding uranium fuel elements, 

Application of the photon scattering and absorption 
phenomenon to industrial uses other than X-ray or Gamma ray 
photographic or chemical analysis techniques has few 
references in the literature, One reference|12| notes 


that gamma scattering has been successfully employed in 





determining the density or thickness of materials. It is 
also known that gamma ray densitometers are being employed 

in the petroleum industry to determine the density of various 
mixtures being transmitted through piping conduits. No re- 
ferences to the latter procedures could be found. In no case 
were any references found which indicated or suggested that 
photon scattering be employed as a means of determining the 
thickness of a cladding material on a base metal. 

This dearth of literature in relation to the proposed 
techniques could be reasonably expected in that the success 
of the proposed techniques is dependent upon large differences 
in atomic number between the base material and the cladding 
material. This criterion is particularly well met in uranium 
fuel rods, where the physical, chemical, and thermal charac- 
teristics of the reactor dictate that the cladding material 
be one of the lighter elements.  Inasmuch as the base metal 
is uranium, which is at the upper end of the atomic scale, 
the situation for the proposed techniques is optimized. 
Relatively older industries would normally have no pos- 
sible application of the techniques since industrial metai- 
lurgy has been generally restricted to elements of lower 
atomic number. 

Essentially the proposed techniques for the determina- 
tion of cladding thickness on uranium fuel rods are based 
on two different interactions of photons with matter. 

These interactions of photons with matter which are of im- 


portance to the thesis are: lethe ejection ofa K or L 
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electron from the atom by the incident ohoton, with the 
resultant production of the K or L series of fluores- 
cent radiation, and 2- the elsstic scattering of the 
incident photonby the atomic electrons, The predomirance 
of one type of interaction over the other is a function 

of the atomic number of the target materiel and tne energy 
of the incident photon. As the energy of the incident 
photon is increased to much higher levels a third type of 
Enteraction, not applicable to the thesis, occurs. This 
is the pair production effect which occurs above ..:¢ 
threshold energy of 1.02 Mev. Figure I shows diagram- 
matically the regions of predominance of the various inter- 
actions in terms of atomic number and incident photon 
energy. 

The proposed methed of cladding thickness determination 
by X-ray fluorescence depends upon the correlation between 
the attentuation of the fluorescence X-ray beam by the 
cladding material and the thickness of the eladding material. 


The relation between attentuation of the X-rsy beam and the 


thickness of material is given by the expression: 


=l ES (m 


where I, is the initial intensity of the incident X-rey 
beam, I, is the intensity of the beam after traversing a 
distance x of the absorber and A is the linear atten- 


uation coefficient of the material. 


L. 





Figure I 
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As seen from Figure I the most predominant interaction 
at the photon energy under consideration is the true absorp- 
tion interaction wherein the photon ejects m atomic electron 
resulting in the emission of characteristic X-ray spectra. 
(Also knoyn as the nhoto-electric effect.) Since the linear 
attenuation coefficient is the sum of the scattering and 
absorption coefficients the behavior of the linear coeffi- 
cient with atomic number and energy will follow the behavior 
of the most predominant interaction, that of absorption. 

A rough, empirical relation indicating the dependence 
of the true absorption cosfficient on photon energy and the 


atomic number of the absorber is given ey: | el 


zl 


Pa =< const = 
(n7)^ 





where hy is the energy of the photon, Z is the atırie 
number of the absorber end °C is the A0SOrpt1 On Cost fic ence 
Since density is proportional to Z and the energy, hy , 
is inversely proportional to the wavelength of a photon, 

tne above relationship agrees with the empirical relationship 


Used im the field of X-ray diffraction: 
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where = is the mass absorption coefficient, k is an 
empirically determined constant and À is the wavelength 
of the incident photon. 

The above relationship indicates that the total attenu- 
ation coefficient of a material increases with increasing 
atomic under end density, and decreases with increasing 
photon energy. The effect of this dependence on the mea- 


surement of cladding thickness will be further discussed 


under procedure. 





SECTION A 


X-RAY FLUORESCENT INVESTIGATION 





SECTION À 


X-RAY FLUORESCENCE THEORY 


The phenomenon of X-ray fluorescence, or characteristic 
X-ray emigsion, occurs whenever any process results in the 
removal of K, L , or higher snell electrons, creating an 
electron vacancy in these shells. The process employed in 
this thesis was the removal of a K or L shell electron 
by a collision with an X-ray photon of sufficient energy to 
overcome the binding energy of the atomic electron and eject 
it from the atom. Other processes which could result in 
X-ray fluorescence are collision of the atomic electron with 
an energetic free electron or an electron capture nuclear 
transition. The removal of the atomic electron leaves the 
atom in an ionized state, and the ensuing rearrangement of 
atomic electrons as the atom proceeds to a lower energy 
level results in the emission of one or more X-ray quanta 
of energy, Auger electrons, or both, depending upon the 
atomic number of the atom. Since the thesis is concerned 
only with X-ray fluorescence, and since uranium, with an 
atomic number of 92 has a fluorescence yield of almost 
unity, the Auger electrons will not be discussed. | 5 | 

X-ray fluorescence was first noted as early as 1806 
by Winkelmann and Straubel in X-ray experiments with Fluor 
Spar, however, they concluded at the time that it was 


caused by some type of reflective mechanism. It remained 





for Barkla and his collaborators, in 1906, to determine 
that this secondary radiation was actually emitted from 
the target, and that this fluorescent radiation was charac- 
teristic of the target material. Considerable work was 
done in the field of characteristic X-ray radiation by 
Laue, ER: and Moseley. Moseley, although unable to 
explain the mechanism of production of characteristic 
X-ray spectra, was able to construct an empirical rela- 
tionship between the frequency of the characteristic 
X-ray line and the atomic number of the emitter. It 
was about this time, 1913, that Bohr introduced his quan- 
tum theory of the origin of atomic spectra, which gave a 
theoretical explanation for the phenomenon of X-ray fluores- 
cence. 

According to Bohr!s theory the energy, hy sior 
characteristic X-ray quanta would be given by the relation- 


END: 
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where D» and n are the principal quantum numbers for 
2 

the initial and final electron vacancies, Z is the atomic 

number of the nucleus, h is Planck's constant, e the 


charge on the electron and mo the mass of the electron, 
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The empirical relationship between | amd Z estab- 
lished by Moseley for the Ką series of characteristic 


X-rays can be expressed as? 


16 2 
Wo eh ro aa) ( 


If the values of n, =] and D z 2 (the principal 
quantum numbers for the initial and final electron vacancy 


for the Ky, series) are inserted in Equation (1) we obtain: 


SS 
Y s o.eh6 x10 Z (6) 


This close agreement between theory and experiment indicated 
that the hypothesis of an electron vacancy being filled by 
the transition of an electron in one quantum state to a 
lower quantum state with the accompanying emission cf a 
quantum of energy was correct. According to Bonr's theory, 
Equation (1), the quantum of energy emitted was pronor- 
tional to the charge on the nucleus, however, for ai. atoms 
but hydrogen there are two electrons corresponding to the 
principal quantum number n = 1 . For atoms of higher atomic 
number there are up to eight electrons in quantum states 
with n= 2 (L electrons), and if Z is high enough there 
will be M electrons (n * 3) extending still farther out 
from the nucleus, and so on. For any particular transition 
from one quantum state to another the effective nuclear 


charge will be somewhat less than Ze due to the shielding 


1 





of the nuclear charge by the potential due to the K , L ,... 
electrons present between the nucleus and the electron 
undergoing the transition. This hypothesis explains, 
qualitatively at least, the discrepancies between Bohr'!s 
theory and+Moseley's empirical relationship. Moseley's 
screening constants of unity for the K. series and 7.) 
for the Le series are physically reasonable in the light 
of this hypothesis. Further work in the field of charac- 
teristic spectra, however, has shown that the quantitative 
results of Moseley's Law holds only as a first approxima- 
‘tion. i 

As soon as equipment of high enough resolving power 
was avallable, it was found that a fine structure existed 
1n the characteristic X-ray spectra indicating the existence 
of multiplet energy levels within the rer quantum 
states. Por a satisfactory explanation of this fine struc- 
ture, it is necessary to turn to the more complex concepts 
of orbital angular momentum and spin-orbit interaction 
effects contained in wave mechanics. 

In the derivation of his theory Bohr made the assump- 
tion that the electron revolves around the nucleus in a 
circular orbit with the angular momentum of the electron 
equal to n TA or p = n , where ( is the number of 
units of quantized angular momentum assigned to the atomic 
electron. This leads to the conclusion that there is a 


single energy level for each principal quantum level. 


T. 





This conclusion is not consistent with the fine structure 
noted in characteristic X-ray spectra, indicating several 
different L , M ,... levels lying close together. 

In contrast to the results of the Bohr theory the 
application of wave mechanics to the problem of a central 
field oia ion for a many-electron atom [9] indi - 
cates that electronic states are characterized by four 
quantum numbers, n , p  Asand p, which are subject 
to the restriction that n , Y and A are integers or 


Tro, and: 
n> Ë |` arte 


For convenience in designating electronic quantum states 


the value of fl may be represented by letters as follows: 


n ECC 
SID A ae 


The energy of an electron in the modified central field 
depends, as in the Bohr theory, mainly upon the principal 
quantum number, n , but in this case it now also varies 
slightly with Q » decreasing in magnitude with increasing 
g . The quantum configuration of the lowest electronic 
energy state (corresponding to the K , n “ 1 , shell of 


the Bohr model) is the ls state (n = 1 m 20 s A5 D 3). 
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The next lowest states are the 2s states (n = 2 Ne 0, Nz Dr 

A = +), The six 2p states (n = 2 m = 1 e l 40,-L 

and a= + i) lie just above the 2s states in energy level. 
The final step in the development of the theory to 

explain multiplet levels in electronic quantum states was 

the M e ción of the spin-orbit interaction effect in 

a central field model. [9] In this case the relativistic 

interaction between the magnetic moment of the classically 

"spinning" electron and the spherically symmetrical electric 

field modifies the solution so that the electronic quantum 


states are described by the quantum numbers DS p $ j 


and m, were n is the principal quantum number, f is 


the orbital angular momentum expressed in units of A 
” AI 
and j represents, in units of —— , the maximum numerical 


Zu 


value of the axial component of the vector sum of the orbital 
angular momentum and the spin of the atomic electron. The 
auantum number m represents integrally spaced values of 
the projection of the j vector on the chosen axis. 

The allowable values for the quantum numbers, n , Y yo aso GI a 
with the quantum number corresponding to electron spin, s, 


equal tot3% , become: 
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When spin-orbit interaction is considered the energy depends 
on j as well as n and g » and each n f energy level, 
with R > 0 is split into two sub-levels. A further 
result of the wave mechanic solution is that all transitions 
between au aeis energy levels are no longer possible. The 
allowed transitions are those which AX = +1 and 

MX) = 23.0. 

The theory outlined in the preceding paragraphs indicates 
that for each n quantum level with Y» O the spin-orbit 
interaction results in the formation of two sub-levels. 

Thus, for the K level there would be only one energy 

level (n z 1 , p =O, j = +) , for the L level, however, 
there would be three levels: L. (n= 2, f = 0, j“ 5), 
l (nz2, 51,558) ona Lyin 2,f 1, j= 3/2) 
This result, in conjunction with the selection rules pre- 
viously given, predict two allowed transitions between elsz= 
trons in the L shell and vacancies in the K shell, 


These transitions are from the L level to the K 


IT 


level, and from the Lee to the K level. These theore- 


tical results correlate with experimental observations, the 


L transition corresponding to the K spectral line, 


TI o 
e 
the Liu transition corresponding to the Ky spectral 
1 
line. 


Figure II illustrates the energy levels for uranium 
and shows all allowable transitions permitted by the selec- 
tion rules. The various spectral lines are indicated by 


their series and sub-level. 
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PROCEDURE 


In determining the thickness of cladding material on 
uranium fuel elements it was proposed to excite the charac- 
teristic X-ray spectrum of uranium by means of an external 
X-ray source, and then determine the attenuation of the 
characteristic X-ray in passing through the cladding material. 
The wide range encountered in the atomic number and density 
of cladding materials precluded using any one characteris- 
tic series of uranium to successfully measure all cladding 
materials, Fortunately, the atomic number of uranium is 
high enough that both the K and L characteristic X-ray 
series are of a high enough energy level to be used in 
fluorescent analysis. The cladding materials or high atomic 
number which are virtually opaque tco tne 0L series of ura- 
nium have reasonable attenuation coefficients for the higher 
energy K series, while the low atomic number, low density 
cladding materials, which are virtually transparent to tne 
K fluorescent series of uranium have appreciable attenuation 
coefficients at the energy of the uranium LZ fluorescent 
Series, 

In exciting the characteristic X-ray series of clad 
uranium the characteristic K-ray series of the cladding 
material is also excited. Since excitation energy increases 
as a function of atomic number, and the cladding material 
will be of lower atomic number than the fuei maverial this 


excitation of the cladding fluorescent series cannot be 


i 





avoided. As a result the radiation reaching the detector 
from the fuel rod will be polychromatic in nature and con- 
tain: l-the characteristic uranium series,  2-the charace 
teristic cladding series and  3-a brehmstralung of scattered 
radiation. In order to analyze this polychromatic beam in 
terms of ola ma thickness, it is necessary to determine 
Ehe intensity distribution of tne spectrum as a fwr tronko i 
energy, or in effect to separate the uranium f.u0rescent 
series from the remainder of the spectrum. This can be 
done by means of a crystal spectrometer or a Lu..o height 
analyzer. In cladding materials of low atomic number, such 
as aluminum, the characteristic X-ray series is of such low 
energy that the air path from the specimen to the detector 
effectively filters out all aluminum fluorescence. For this 
situation it would be possible to employ a non=dispersive 
technique and eliminate the need for an analyzin: device. 
In all phases of this investigation, however, the authors 
employed an analyzing device. For L fluorescence inves- 
tigations a lithium fluoride crystal spectrometer was 
used, and all analysis was performed employing the intensity 
of the Laer line. In the K fluorescence investigatior 
a pulse height analyzer was employed due to the difficulty 
involved in obtaining and orienting a crystal with suffi- 
clently small interplanar spacing. 

The investigation was essentially a feasibility study 
for the various techniques involved, and the equipment used 


was originally designed with entirely different applications 
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in mind, For this reason many of the experiments had to 
be designed around the limitations of the equipment and 
were not carried out in the optimum geometry for cladding 


thickness determination. 


Uranium L Series Fluorescent Technique: 

A commercially available Norelco X-ray Fluorescent 
Analysis unit was used to determine the feasibility of 
cladding thickness measurement utilizing the uranium L 
series fluorescence. The exciting X-ray source was equipped 
with an electronic voltage and current stabilizer, which, 
when operated between designed limits, maintained tube input 
current to within 50.1% of the assigned value. 

The detecting device used in conjunction with the fluores- 
cent analysis unit was a scintillation detector driving x 
scaler through a linear amplifier. (See Appendix A for de- 
tailsof the equipment. ) 

Due to the restriction imposed by thex.specimen holder 
of the fluorescent analysis unit, fuel elements had to be 
simulated by a flat slab approximation. A flat disc of 
natural uranium, covered by cladding material foils of known 
thickness, was used to simulate a fuel element. The flat 
plate approximation is perfectly satisfactory for a feas- 
ibility study, and lends itself readily to theoretical 
analysis. 

The three cladding materials chosen for investigation 


were aluminum, stainless steel and zirconium. These 
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materials represent a rather wide range of atomic number, and 
are in common use as cladding materials. The characteristic 
uranium L series line that was employed throughout the 
experiment was the Ly, line, since this provided the 
highest intensity, and hence the low est statistical error in 
the SCR All recorded data was taken by the "fixed 
count" method to maintain a constant statistical error. 

The procedure involved in determining a calibrated 
curve of fluorescent counting rate vs. cladding t hickness 
was straightforward and consisted of taking a series of 
"fixed count" measurements of the intensity of the uranium 
ES. spectral line for various known thicknesses of clad- 
ding material. For aluminum, a total of 102,100 counts was 
recorded for each cladding thickness, reducing the standard 
deviation of the mean counting rate to 0.31%. For other 
cladding materials the initial results obtained for L 
series fluorescence did not warrant the high level of sta- 
tistical accuracy. "This is indicated in the data shown 
for stainless steel and zirconium studies. 

The maximum thickness of any one cladding material 
that could be successfully measured by L series fluores- 

cence was a function of geometry and the intensity and 
energy of the exciting X-ray source. The geometry con- 
trols the effective thickness of cladding presented to 
the incident and fluorescent X-ray beam, while the inten- 
sity and energy of the exciting X-ray source controls the 


fluorescent intensity and hence the cladding thickness at 
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which the fluorescent intensity is reduced to background 
intensity. Unfortunately, both the geometry and the maximum 
permissible fluorescent intensity were fixed by considera- 
tions of the equipment in use. The geometry was fixed by 

the relation between the specimen holder and the analyzing 
crystal, wane the initial fluorescent intensity was limited 
to approximately 1300 counts per second due to the mechanical 
limitations of the counting register. 

For aluminum, the above restrictions limited the pro- 
cedure to a cladding thickness of approximately 1O mils if 
reasonable accuracy in measurement was to be maintained. 
This procedural difficulty was overcome by using a cladding 
thickness of 20 mils as the initial point, and increasing 
the energy and intensity of the incident X-ray beam until 
the intensity of the uranium La, line approached the 
upper limit allowed by the mechanical register. By basing 
the initial Ly, intensity on 20 mils of aluminum clad- 
ding the relationship between cladding thickness and Ly, 
intensity could be determined from 20 to 30 mils of clas. :8 
with good accuracy. 

The energy of the exciting X-ray source for L fluores- 
cence investigations was varied to suit requirements for 
initial counting rates. The lower limit for the exciting 
X-ray source was the energy required to remove an L shell 
electron from the uranium atom. Excitation energies for the 


materials used in the investigation are listed in Appendix C. 
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Uranium K Series Fluorescent Technique 


In determining the feasibility of cladding thickness 
measurement by use of the uranium K series fluorescence, 
a 150 kev - 8ma commercially available X-ray unit was used 
as a radiation source. The X-ray source was used in con- 


% 
junction with a voltage stabilizer, 


The detection and recording equipment used in this 
phase of the investigation was identical to that used for 
the uranium L series investigation. Spectrum analysis 
was accomplished by the use of a pulse height analyzer as 
opposed to the lithium fluoride crystal used in the uranium 
L series tests. (See Appendix B for details of the equipment.) 

The X-ray bean was collimated by means of a long lead 
cylinder. Both the X-ray unit and the detection equipment 
were thoroughly shielded to reduce the scattered radiation. 
(See Figure xx for sketch of geometry of experiment.) 

This shielding was entirely adequate in that background 
readings taken without the specimens ir place were so low 
as to be considered insignificant, 

The cladding materials chosen fcr investigation were 
stainless steel (30l) and zirconium. An analysis was not 
conducted on aluminum for two reasons: i-Successful core 
relation had already been obtained utilizing the uranium 
L series,and 2-The atomic number of aluminum was suffi- 
clently low that the attenuation and scattering characteris- 
tics of aluminum were expected to be formidable difficulties. 


High scattering would prove troublesome in that the attenua- 
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Fig. III Tubular Fuel Element Specimen 
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Fig. IV Sectioned Cylindrical Fuel Element 
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tion of the fluorescent radiation would be more than com- 
pensated by the increase in scattered radiation. As is 
indicated in subsequent development, these predictions were 
confirmed in that excessive scattering also prevented suce 
cessful correlation of ursnium K series fluorescence with 
the cladding thickness of stainiess steel. 

Uranium clad elements were simulated by flat plate 
approximations for an initial feasibility study. To further 
demonstrate the applicability of the technique to industrial 
applications, two scanning runs were made of typical uranium 
fuel elements. Both of these fuel elements (Figures III and IV ) 
were clad with Zircalloy-II; one with cladding thickness of 
the order of approximately 5 to 10 mils, the other of ape 
proximately 4O mils. The tubular fuel element (Figure III) 
had been measured accurately by visual means by Nuclear 
Metals, Inc., of Cambridge, Massachusetts. This latter 
element provided a reasonable standard of comparison and 
both fixed and scanning runs were conducted on it. Une 
fortunately, the scribe location indicating the relative 
origin for the visual data compiled by Nuclear Metals, Ine. 
could not be identified and apparent correlation could only 
be indicated by means of the symmetry of the two plots. A 
longitudinal scan was also conducted on a sectioned fuel 
element (Figure IV ). 

The determination of a calibrated curve of fluorescent 
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radiation intensity vs. cladding thickness uti 


dispersive technique required an initial analysis of the 
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energy spectrum in order to optimize operating conditions. 
Preliminary scanning runs of the uranium and the cladding 
materials indicated maximum resolution of the uranium K 
series fluorescence peak and the cladding scattering peak 
at a ann E of 900 volts. This optimum dynode 
voltage was determined by making scans of the energy spec- 
rum for uranium and the cladding materials and determining 
resolution as a function of dynode voltage. With the 
optimum dynode voltage established, additional scans of 

the spectrum were made to insure accurate determination 

of a suitable operating point for the pulse height analyser 
(base line volt age and window width) to insure operation of 
counting runs at the uranium K series fluorescence peak. 
(Figure XIX (a) through (f) indicate typical curves of 
energy spectrum intensity vs. pulse height analyser base 
line voltage.) 

When the fluorescent peak of the uranium was determined 
as outlined above and the pulse height analyzer operating 
point established, a series of "fixed count" measurements of 
the intensity of fluorescent radiation for various known 
thicknesses of the cladding material were made. For zir- 
conium and stainless steel, a total of 25,600 counts were 
recorded for each cladding thickness, reducing the standard 
deviation of the mean counting rate to 0.62 per cent. 

In conducting "fixed count" measurements of the tubular 


fuel element (Figure III) & series of seven 25,600 count 
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measurements were conducted at intervals of 10 degrees 
around the specimen. These exhaustive measurements were 
made to reduce the effects of instabilities in the operating 
equipment. Following completion of the "fixed count" runs, 
a rotational scan at the rate of one revolution per minute 
was made with results recorded on a Brown recorder. (See 
Figure IX .) 

The results of the longitudinal scan conducted on the 
sectioned cylindrical element were also recorded on a Brown 


recorder. (See Figure X .) 
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RESULTS 


L FLUORESCENCE INVESTIGATION 
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TABLE I 
NORMALIZED URANIUM L FLUORESCENT INTENSITY 
V8. 
ALUMINUM CLADDING THICKNESS 


Background and Scattering Included 


29 


Cladding thickness (mils) I 
20 1.000 
21.8 0.787 
25.6 0.651 
25.4 0.926 
26.7 0.412 
28.5 0.551 
30.0 0.281 
51.8 0.250 
55.0 0.221 
55.6 0.222 
509.4 0.200 
56.7 0.178 
40.0 0.150 
45.6 0.145 
45.4 0.139 
00.4 0.132 
60.9 0.129 


Figure V 
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TABLE II 
NORMALIZED URANIUM L FLUORESCENT INTENSITY 
Vs. 
ALUMINUM CLADDING THICKNESS 


Background and Scattering Subtracted 


BI 


Cladding Thickness (mils) I 
20.0 1.000 
21.8 0.758 
25.6 0.604 
25.4 0.461 
26.7 0.331 
28.5 0.262 
30.0 0.182 
51.8 0.146 
55.0 0.115 
55.6 0.115 
50.4 0.088 
536.7 0.062 
40.0 0.050 
45.6 0.025 
45.4 0.016 
00.4 0.006 
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In order to check the reproducibility of the results 


recorded for aluminum cladding an "unknown" was measured 


using the following procedure; 


l. 


Še 


S. 


The L,, intensity was recorded for a known reference 
specimen of 20.4 mils thickness. 
elapsed timo total count CPS 
89.4 sec 102,400 1145,4 
The L4, intensity was recorded for the "unknown". 
elapsed time total count CPS 
170.55 sec. 102 , 400 601.1 
Entering Fig. V the normalized counting rate for 
20.4 mils is read from the chart. 
No. —7 0496 
The normalized counting rate for the "unknown" is 


determined from the reference specimen. 


NR 601.1 -a — 0.504 


Re-entering Fig V the cladding thickness correspond- 
ing to & normalized counting rate of 0.504 is found 
to be: 

t. = 20.4 mils 


The "unknown specimen was composed of four foils 


adding up to a total of 25.3 mils. The resulting error 


in this case was +0.1 mil, or 0.4%. 


33 





TABLE III 
NORMALIZED URANIUM L FLUORESCENT INTENSITY 
Vs, 
ZIRCONIUM CLADDING THICKNESS 


Cladding Thickness (mils) I 
0.0 1.000 
2.0 0.017 
meo 0.000 
TABLE IV 


NORMALIZED URANIUM L FLUORESCENT INTENSITY 
Vs, 
STAINLESS STEEL CLADDING THICKNESS 


Cladding Thickness (mils) I 
020 1.000 
5.0 0.000 
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RESULTS 


K FLUORESCENCE INVESTIGATION 
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TABLE V 
NORMALIZED URANIUM K FLUORESCENT INTENSITY 
NEP 
ZIRCONIUM CLADDING THICKNESS 
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Figure VII 
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TABLE VI 


NORMALIZED URANIUM K FLUORESCENT INTENSITY 


STAINLESS STEEL 


Cladding Thickness 
mils 


5.0 
10.0 
20.0 
30.0 
40.0 
50.0 


— 
v 


Vs. 
CLADDING THICKNESS 


¡DE 
| 0.98 | 0.951 1.000 


0.951 0.976 





Figure VIII 
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Fig. VIII Static Scan of Tubular Fuel Element and Visual 
Data of Nuclear Metals, Inc, for Tubular Specimen 


E 





70 70 






i 
a $ ? 
ac EA —— 





V NIFT ^ 


i ae at fh AS ud a 
M ev do o 


240 0 ! 
E. 399 295 < V e RcES -À ? 
399 Sdan 


Fig. IX Rotational Scan of Tubular Fuel Element 
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DISCUSSIQN OF RESULTS 


Uranium L Fluorescence: 

The results clearly indicate that of the three clad- 
ding materials investigated only aluminum cladding, in the 
range of tHickness desired, may be successfully measured 
by attenuation of the uranium L fluorescent series. 

The attenuation coefficients of stainless steel and zir- 


conium are so high for this range of photon energy that 


they are essentially opaque, and, for the geometry in use, 


can only be measured to the order of one or two mils of 
cladding thickness. Optimizing the geometry so as to 
present the minimum cladding thickness to the incident 
and fluorescent X-ray beams would approximately double 
the range of cladding thickness that could be measured, 
while increasing the intensity and energy of the incident 
beam would permit measurements of stainless steel and 
zirconium of the order of six mils in thickness. By the 
same procedure the effective range of measurement of 
aluminum cladding could be increased to approximately a 
thirty mil range of cladding thickness, however, the 
accuracy of measurement would also be reduced due to the 
decrease in the effective linear attenuation coefficient, 
From the analysis of the results of the investigation 
carried out for aluminum cladding with the uranium L 
fluorescent series the probable error of any one measure- 


ment in the cladding range of twenty to thirty mils is 
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+ 1.5% or approximately + 1 mil. Since the statistical 
error was held to = 0.31% by controlling the number of 
counts and the equipment operating point was stabilized to 
+ 0.1% by the voltage and current stabilizers the pre- 
dominant error of approximately = l.5% can be assigned 
to the vale for foil thickness. This assignment of an 
error of È l mil to the effective thickness of cladding 
is reasonable when the method of assembly of a specimen 

is considered. Each specimen was assembled from several 
layers of foil, each foil measured by micrometer to within 
approximately + 0.2 mil. A further error was introduced 
into the effective combined thickness of the specimen by 

a slight bowing of the foils in the specimen holder, and 
wrinkling of the thinner foils. The total cumulative 
error in effective foil thickness is unknown, but can be 
justifiably assumed to be £1 mil. With a carefully 
machined series of calibration specimens accuracies of 
better than + 1% in the measurement of aluminum cladding 
could be expected, utilizing the uranium La, spectral 
line and presently available equipment. 

The probable error predicted by statistical analysis 
of the data appears to be rather large when compared with 
the error obtained in checking the cladding thickness of an 
"unknown" specimen. This apparent discrepancy can be re- 
conciled if it is remembered that essentially ali errcr was 


contained in the combined foil thichness of the specimen, 
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The "unknown" specimen, which was constructed in an identical 
manner to the specimens used to determine the calibration 
curve, had the same relative error as the reference speci- 
mens. This check serves to illustrate the reproducibility 

of the results, and the high order of accuracy which would 


be obtainable with an accurate series of calibration specimens. 


Uranium K Fluorescence: 


The results of the K series fluorescence investigation 
indicate that only zirconium may successfully be measured 
by attenuation of the uranium K series. The reasons that this 
technique could not be extended to stainless steel can be 
generally attributed to the fact that with reduced atomic 
number the scattering coefficient of the material increases 
in importance relative to the total attenuation coefficient. 
This increased scattering was sufficient to offset any 
decrease in the intensity of radiation due to attenuation 


of the uranium K series fluorescence, 


For zirconium, the results of this investigation 
indicated that the range of cladding thicknesses that could 
be measured was of the order of zero to thirty mils of 
thickness. By an optimization of the geometry this range 
could be extended to approximately forty-two mils, however, 
the accuracy of measurement would be reduced due to a 


decrease in the effective linear attenuation coefficient. 


hh 
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From an analysis of the results of the investigation 
for zirconium, the probable error of any one measurement 
in the range of gero to thirty mils is+ 7.l percent, or 
+2 mils in the upper limits of the zero to thirty mil 
range. The statistical error was held tot 0.62 percent 
by controlling the number of counts. The predominant error 
of approximately 7.0 percent can be assigned to: 1) fluc- 
tuations due to instabilities in the operating equipment 
( See detailed procedure, K fluorescence ), and 2) the 
method of assembling the test specimens. ( See discussion 
of results, L fluorescence ) As in the case of L 
fluorescence, accuracies of better than +3 percent could 
be realized with improved equipment. This would require 
adequately stabilized equipment and an accurately machined 


series of specimens. 


A static scan of the tubular specimen ( Fig. III ) 

at intervals of ten degrees indicated an excellent correla- 
tion with the data furnished by Nuclear Metals, Inc. The 
results ( Fig. VIII ) not only clearly showed the eight 
fold symmetry of the extruded specimen, but also correlated 
within two mils of the visually observed thickness. The 
collimated beam used in the investigations (3/16") was of 
such area that any data obtained was necessarily represent- 
ative of an average cladding condition of the area covered 


by the incident beam. With a more intense, more highly 
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focused X-ray beam it is believed that even closer correla- 


tion could be obtained. 


Analysis of the rotating scan ( Fig, IX ) shows that 
the cladding material thickness ranges from five to thir- 
teen mils, if we assume that the maximum intensity is given 
by the point of thinnest cladding. ( See analysis of data ) 
It is important to note that this correlation was obtained 
even at the relatively high rotational speed of one revolu- 
tion per minute, and with the high instabilities encountered 
in the equipment. Of particular interest in the scan, is 
the sharp indication of changes in the cladding thickness 
and the clear indication of the eight fold symmetry of the 


tubular element. 


A longitudinal scan ( Fig, x ) of the sectioned 
fuel element ( Fig, IV ) shows clearly the shoulder and 
the sharp increase in cladding thickness. No effort was 
made to correlate the scan with actual cladding thickness, 
however, this scan indicates that changes in cladding 
thickness can be detected even in the range of thirty to 


forty mils of cladding in a scanning operation. 
It is believed that with construction of more adequately 


stabilized equipment, and the development of a more intense 


and highly focused incident X-ray beam, that considerably 
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more rapid and accurate scanning runs could be conducted. 
The above scanning runs serve to illustrate the feasibility 


of such a proposal. 
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SECTION B 


COMPTON SCATTERING THEORY 


The phenomenon of Compton scattering occurs whenever 
an incident photon is elastically scattered by an atomic 
or free electron. The general procedure employed in this 
section of the thesis was to direct a collimated beam of 
photons upon a target specimen and to measure the cladding 
thickness by correlation with the intensity of the scattered 
radiation. Other interactions which might occur due to the 
incidence of photons upon matter have been previously de- 
scribed in the Introduction and in Section A. Although 
these phenomena are taking place concurrently with the 
Compton scattering of photons, the method to be proposed 
confines itself to measurement of the scattered radiation 
alone. For this reason, the theoretical discussion is 
confined to that of Compton scattering and subsequent 
contributions to photon scattering theory. 

The scattering of very-low energy photons was ade- 
quately described by the classical theory of J. J. 
Thomson [10 ]. However, as the energy of the incident 


e , the rest mass of the electron, 


photons approached m c 
no correlation „as obt»ined between scattered energy and 


the theoretically predicted scattering energy. 


1,8 


It remained for A. H. Compton | 2 | to demonstrate the 
relativistic nature of high energy photons. In order nro 
explain the apparent discrepancies between theory and 
experiment, Compton assumed that the incident electro- 
magnetic radiation could be considered as a quantum unit, 
and that the scattering process could be viewed as an 
elastic collision between the incident pnoton (the quantum 
unit of light) and a free electron. This collision was 
to be governed by the two basic laws of mechanics: 

l- the conservation of energy, and 2-the conservation 
of momentum. Changes in the energy and momentum of the 
electron were to be considered relativistically.  Asser- 


tion of these principles leads to the equation: 








EE a = — (1 - cos 0) (7 ) 
hv la mc 
where: 


= = angle of the scattered photon 
hv, = energy of the incident photon 
hZ = energy of the scattered photon 
h = Planck's constant 


VY = frequency of the photon ( Y equals Ò) 


This expression may be written in the more conventional 


form: 


D ` = nee ( L aos 2) (8 ) 





Equation ( 8 ) is the well known expression for the Compton 
shift. Careful experimentation by numerous scientists has 
proven the validity of the Compton theory. 

The intensity of the scattered radiation for low 
energy photons (hv < m c^) had been accurately described 
by the simpl& classical theory of J. J. Thomson [ 10] , how- 
ever the intensity of scattered radiation proved to be much 
less than that predicted for the case of high energy 
photons. These discrepancies were resolved when Klein 
and Neshina | 6 | successfully applied Dirac's relativ- 
istic theory of the electron to the scattering problem and 
developed a wave-mechanical model which has shown sub- 
stantial correlation with subsequent experiments. Follow- 
ing the development of the Klein-Neshina equations as 
shown by k.D . Evans [ 5 | , it is shown that the dif- 
ferential collision cross section for incident unpolarized 


electromagnetic radiation is: 


2 
r e 
gr udo ' y Y! 

dl): -—— af) (— VS —-  _ 2 

(7) — I) Irre) (9) 

where 

dfl = 2TT sin 9 ae 

c e 2 : 
ze = e /m c » the classical electron radius 
I = frequency of scattered radiation 
yo 2 frequency of incident radiation 
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The differential collision cross section al, can be 
physically described as being the probability that an 
incident photon with energy hv, » while passing through 
an absorber of such thickness that it contains one electron 
per square centimeter, will suffer a particular collision 
from which it will emerge with energy hv' , within a 
solid angle df) and at some angle @ from the direc- 
tion of the incident photon, 

If one considers the amount of energy carried out by 


the scattered photon then it may be simply represented by 


' 


d („) - = AN (10) 





since the differential collision cross section represents 
the probability of the removal of an incident photon, with 
energy hv, » from the collimated beam. Only the frac- 
tional part of the energy hy /nv, is scattered, 
therefore, the differential scattering cross section, 
which is proportional to the energy scattered into the 
solid angle daft is simply YA, multiplied by 

the differential collision cross section. In the case 


of incident unpolarized radiation this expression is: 





= = > 3 ( y ! 2 
ao) n an ( a É + — — sing 


(1010) 
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or allowing eo to equal hv /m c° this may be rewritten: 
O 


_3 3 
al c- ) = m 2 E l l + cos 3 
e s O 1+ (1 - cos 9 ) 2 


( 
2 2 
e (1 - cos 0) 
1 o 
% 2 = 
(1 + cos o) lı +x<(1 - cos e| 
For low energy photons (i.e. - as e& approaches the limiting 


value of zero) this expression reduces to the classical 
expression: 
2 2 
alo) = r aíl sin e ( 13) 
e s O 

as proposed by Jd. J. Thomson [ 10 | ° 

The integrated probability, per electron, that a 
scattering event will occur is simply the integral of the 
differential collision cross section, equation ( 9 ), 
over all permissible values of ©. Performing the inte- 


gnration there is obtained: 
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This cross section, $4097, represents the probability of 
a photon being removed from a collimated beam while 
passing through a material containing one electron per 
square centimeter. Tables and graphs of the differential 
and total cross sections, for Compton collisions have 
been given by Davisson and Evans | h | and Nelms | 8 |. 
It is interesting to note that in the previously 
presented expressions, the energy of the scattered 
photons is not a function of the scattering material, 
but only of the energy of the incident photon and the 
particular angle at which it is scattered. 
In a thin foil of material with N atoms per 
cubic centimeter, and with each atom possessing Z elec- 
trons per atom, and of thickness dx , there will be NZ 
electrons /cem> and (NZ) dx onen ee . Ina col- 
limated beam of intensity I , the change of intensity 


dl caused by the foil will be: 
—— s:  (NZ) dx ,c7 ( 15 ) 


In calculating the attentuation of photons through any 
particular material it is convenient to use a Compton 
total linear attentuation coefficient o- which is defined 


ass 


o- = (NZ) ao ° (16 ) 


= 





Equation ( 15 ) may then be rewritten as: 


al 
I 


Om dx ( 17) 


This expression is analogous to equation (1). Theterm u 
in equation (1) refers to the total attentuation coeffi- 
cient with respect to all type interactions of photons 
with matter, while the o- in equation (17) refers to 
the attentuation caused by Compton scattering alone. o- 
is, of course, part of the total linear attentuation 
coefficient M + 

Thus, it is seen that while the energy of the 
scattered photons is a function of the incident energy 
and the scattering angle, the intensity of the scattered 
radiation is a function of the intensity of the incident 
radiation, the density of the target material and the 


atomic number Z . 
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PROCEDURE 


The general experimental procedure was to direct a 
collimated beam of photons upon the target specimen. 
Due to the large differences in atomic number and the 
densities of,the base and the cladding material, it was 
proposed to evaluate the thickness of the cladding 
material by means of variations in the intensity of the 
scattered radiation. As is indicated by Figure I, in 
the energy regions under consideration the predominant 
mode of interaction of the incident photons with uranium 
will be that of a true absorption process, that is, that 
of X-ray fluorescence. In contrast, the principal mode of 
interaction in the cladding material will be that of 
Compton scattering. It is readily observable ( see 
Figure I ) that as the energy of the incident photons 
increases above approximately 1.0 Mev the principal mode 
of interaction for both the cladding and the uranium will 
be that of Compton scattering. It is to be expected, then, 
that for incident photons of the proper energy that there 
will be an increase of scattered radiation with an increase 


in cladding thickness. 


In producing the scattered radiation of sufficient 
intensity and energy to be useful, various other phenomenon 


are also produced. These are respectively, the characteristic 
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series of the cladding element and its alloys and the 
characteristic series of the uranium. In order to cor- 
relate the thickness of the cladding material with the 
scattered radiation, it is necessary to resolve the 
scattered energy from the remainder of the polychromatic 
spectrum. In all phases of the photon scattering investi- 
gation a non-dispersive technique was utilized. As in 

the K fluorescence investigation a pulse height analyser 
was used for spectrum analysis. The remainder of the 
detection and analysis equipment is also identical with 
the equipment used in the K fluorescence investigations, 
(See Appendix A for details of the equipment.) 

As in the case of the fluorescence investigations, 
the experiments conducted were purely a basic feasibility 
study and in all cases the equipment and the geometry 
utilized were not the most desirable in order to obtain 
optimum results. 

The discussion of procedure for Compton scattering 
has been divided into two classifications: low and high 
energy photons. This division is actually synthetic in 
that the same theory is applicable in both energy regions, 
however,it facilitates discussion in that the source of 
the collimated beam and the geometry of the two experiments 


were different. 
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Low Energy Photon Scattering: 


Equipment: 
The equipment set-up for the low energy photon scatter- 

ing investigation was identical with that used for K 
fluorescent "fixed count" tests. This resulted in a 90 
degree ee angle for the scattered photons, This 
angle was advantageous in that it removed tne detector 

from the path of the incident X-ray boam, thus reducing 
background. Since at this photon energy scatterins is 


becoming essentially anisotropic, the scattering angle is 


not critical with respect to scattered intensity. 


Procedvre: 

The scattering portion of the spectrum reaching the 
detector from the target was separated from the uranium 
fluorescent radiation by setting the base line of the 
pulse height analyzer at the peak of the scattereá spectrum, 
snd reducing the window width to remove the uranium fluores- 
cent portion of the spectrum above the base line. The X-ray 
unit was operated at 150 Kev to obtain the maximum counting 
rate and reduce the statistical error. 

The intensity of the scattered radiation was recorded 
for various thicknesses of cladding foil over the uranium 
specimen. A total of five counting runs was made at each 
cladding thickness in an attempt to average out the fluctua- 


tions caused by variations of line voltage. By using a 


EN 





combination of foils of known thickness, in & manner similar 
to the procedure followed for the fluorescent investigations, 
a relationship between scattered intensity and cladding 


thickness was determined for the various materials. 


From data recorded during the K fluorescent investi- 
gation, it was seen that the variations of scattered intensity 
with zirconium cladding thickness was negligible, and, 
therefore, only aluminum and stainless steel were investigated 
by the technique of low energy photon scattering. ( See 
Figure XIX for the variation of scattered intensity with 


zirconium cladding thickness.) 
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High Energy Photon Scattering Technique 


A ten milli-gram radium capsule was used as a radiation 
source for the feasibility investigation of cladding thick- 
ness measurement utilizing the Compton scattering phenomenon. 
A larger, more mono-energetic source such as Cobalt 60 would 
have been preferred, however, with the use of a non-di spersive 
technique the radium source was considered satisfactory for a 
feasibility study. 

The detection, recording and analysis equipment used in 
conjunction with this phase of the thesis investigation was 
indentical to that used in the K series fluorescence and 
low energy scattering investigations.  Collimation of the 
gamma rays was accomplished by means of lead collimating ports. 
Both source and detector were thoroughly shielded to reduce 
the background to a minimal value. Figure XI CS TEE 
the geometrical arrangement of source, specimen and detector. 
(See Appendix A for details of equipment.) 

The cladding materials chosen for investigation were 
aluminum, 30l stainless steel and zirconium. In each case, 

a flat slab approximation was used to simulate the fuel 
element. 

The procedure followed in this technique was similar to 
that followed in the other non-dispersive procedures. A scan 
of the energy spectrum as a function of base line voltage of 
the pulse height analyser was first made. (As in previous 
procedures, the dynode voltage was maintined at 900 volts to 


acquire maximum resolution.) The results of this scan were 
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negative in that the spectrum was flat and that no scattering 
peak could be resolved as in the case of tre low energy 
photons. It was then decided to maintain the base line 
voltage of the vulse height analyser above the known fluores- 
cent peak of the uranium series. With the window opened to 
its maximum yalue, the counting rate would then be propor- 
tional to the total scattered radiation whose energies were 
in excess of the K series cf uranium. 

A series of "fixed count" measurements for various known 
thicknesses of the several cladding materials were then made. 


These measurements are recorded in Table IX. `. 


apecimen | 


lead 
` Y castle 


P: | edium 
source 





collimator 


lead shielding 





detector 


Figure XI Equipment Arrangement for High Energy 
scattering Investigation 
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RESULTS 


LOW ENERGY PHOTON SCATTERING 
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TABLE VII 
NORMALIZED LOW ENERGY PHOTON SCATTERING INTENSITY 
Vs. 
ALUMINUM CLADDING THICKNESS 


EX 


ee epe in 


1.711 | 1.765 | 1.833 | 1.833 | 1.825 
Ma 8 2.026 | 2.070 | 2.070 | 2.048 


2.519 | 2.291 | 2.278 |2.333 | 2.362 
50.9 2063560] 2.619 | d» 555 |2° 619 2.637 
60.9 2.984 |2.939 | 5.031 |2.939 | 3.055 


69.3 5.519 |3.080 |2.810 |3.031 [2.984 
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TABLE VIII 
NORMALIZED LOW ENERGY PHOTON SCATTERING INTENSITY 
Vs. 
304 STAINLESS STEEL CIADDING THICKNESS 


Cladding Thickness 
(mils} 

o ao] o or [sar] vor 

30.0 2.693 2.693 

se [s 

reams [aes 


WUIUCIeZCXCÓYIKKIIIIIIISZ 3.053 | 2.948 | 2.974| 2.923 
|  86€.0 3.257| 3.196 | 5.226 | 3.353| 3.257 


3.454 | 3.386 | 5.520 | 3.353| 3.353 
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RESULIS 


HIGH ENERGY PHOTON SCATIERING 
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TABLE IX 
NORMALIZED HIGH ENERGY PHOTON SCATTERING INTENSITY 
Vs. 
CLADDING THICKNESS OF ALUMINUM, STAINLESS 


STEEL AND ZIRCONIUM 


$ 


Cladding Thickness (mils) I zirconium I stainless 
0.0 1.000 1.000 
5.0 1.082 1.060 

10.0 1.069 1071 
15.0 1.082 -- 
20.0 1.189 1.055 
25.0 1.112 = 
30.0 l lla 1.117 
35.0 rae -- 
10.0 1.100 1.096 
50.0 D 7.078 
60.0 -— 1.150 
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TABLE IX  (cont.) 


Cladding Thickness (mils) I aluminum 

0.0 1.000 

7,0 1.018 
10,0 1.053 
20.0 1.045 
30.0 1.091 
40.0 1.192 
50.4 1.130 
60.9 1.216 
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DISCUSSION OF RESULTS 
Low Energy Photon Scattering: 

The normalized plots of scattering intensity vs cladding 
thickness for aluminum and stainless steel show considerable 
dispersion of the data. In some cases dispersion of the 
data was so"great that no statistical difference could be 
found between readings differing by as much as 10 mils of 
cladding thickness. The average trend of the data, however, 
does show a definite and considerable change in scattering 
intensity with cladding thickness. The extreme variations 
in intensity for any one thickness of cladding can be 
mainly attributed to the X-ray source, since during the 
runs variations of as much as 16 percent in the X-ray tube 


input current were experienced, 


The experimental plot of scattered intensity vs. 
cladding thichness is in good agreement with theoretical 
considerations ( see Appendix C ) and it is the conclusion 
of the authors that the curve passed through the data points 
represents the relationship that could be obtained with well 
stabilized equipment. The relationship between scattered 
intensity and cladding thickness is extremely dependent 
upon the energy of incident radiation and the geometry of 
the experiment, and the curves, therefore, are applicable 


only to the geometry used. 
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The accuracy that can be obtained by this technique is 
dependent upon the stability of the source and the 
scattering intensities obtainable. As indicated in Figures 
XII and XIII the accuracy decreases with increasing cladding 


thickness., 


High Energy Photon Scattering: 


Analysis of the data in the investigation for high 
energy photon scattering indicated no consistent statistic- 
al difference in intensity of the scattered radiation vs. 
variations in cladding thickness. 

This fact can be explained in that for high energy 
photons the scattering mechanism is the predominant mech- 
anism in both the cladding material and the uranium, ( See 
Fig. I ). For low cladding thicknesses the cladding mater- 
fal is essentially transparent to the incident high energy 
photons. The principal scattering takes place from the 
uranium. This softer, scattered radiation from the uranium 
now experiences relatively more attenuation by the cladding 
material due to the increase of the attenuation coefficient 
with decreasing photon energy. An increase in cladding 
thickness causes more appreciable attenuation and scatter- 
ing in the incident beam and a relative loss of scattering 
from the uranium base. The overall effect for variations of 


cladding thickness is one of relatively little change. 
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The observed data correlates well with the results 


predicted by equation ( 18). 
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CONCLUSIONS 


Based on the results of the various studies, the 


authors have reached the following conclusions; 


IR The thickness of cladding on uranium fuel elements 
may be successfully measured by the application of the L 
fluorescent, K fluorescent or low energy Compton scatter- 
ing technique, depending upon the atomic number and density 


of the cladding material. 


P To successfully measure cladding thickness by the 
above techniques the recording and analyzing equipment, 

and the exciting source should be stabilized to within 

one percent of the normal operating point of the equipment. 
The intensity of the exciting source should be as high as 


possible to reduce the statistical error. 


EN Materials of low atomic number and density, such as 
aluminum, can be measured with accuracies of better than 
one percent at a cladding thickness of thirty mils, employ- 
ing the uranium L fluorescent technique, Equipment of 


adequate stability to obtain this accuracy is now available. 


ir Cladding materials of high atomic number and density, 


such as zirconium, can be successfully measured by the 
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application of the uranium K fluorescent technique,  Present- 
ly available industrial X-ray equipment is not suitable for 
the determination of cladding thickness by uranium K fluor- 
escence since it is not adequately stabilized. With adequate- 
ly stabilized equipment an accuracy of measurement of three 
percent at thirty mils of zirconium cladding could be ex- 


pected, 


5. Cladding materials of moderately high atomic number, 
such as stainless steel, may be successfully measured by 

the uranium L fluorescent technique in the range of cladding 
thickness from zero to ten mils, depending upon the geometry 
employed. Within this range of cladding thickness accuracy 
of measurement of 1% could be obtained. For the measure- 
ment of cladding thickness greater than ten mils the tech- 
nique of Compton scattering of incident photons of the 

order of 100 Kev may be applied, which will permit measure- 
ments with accuracies of approximately five percent at thir- 
ty mils of cladding thickness. Industrial X-ray equipment 
presently available is not suitable as the photon source, 


since the equipment is not adequately stabilized. 


S Cladding thickness determination by low energy photon 
Scattering is not considered feasible for the cladding mater- 
ials of low and high atomic number, since the application of 
the L or K fluorescent techniques will permit greater 


e. 


accuracy of measurement. 
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Ks The scanning experiments conducted on the tubular 
fuel element indicate that the techniques of L and K 
fluorescence, and low energy photon scattering can be 
utilized in a continuous scanning process which would 


have industrial application as a quality control process, 


% 
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RECOMMENDATIONS 


Based on the results of the various investigations 


the authors make the following recommendations: 


L, That Studies be made to determine the extent to 
which presently available industrial X-ray units may be 
stabilized.  Excitation equipment to be used for cladding 
thickness determination should be stabilized to within 


one percent. 


2% That studies be made to determine methods of applic- 
ation of the techniques of X-ray fluorescence and low 
energy photon scattering to a continuous quality control 
process. One possibility would be a counting rate circuit 
used in conjunction with a gating circuit set for low and 


high tolerance levels. 
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APPENDIX A 
DETAILED PROCEDURE 


L Fluorescence Procedure: 
* 

Equipment 3 

The equipment used in the investigation of cladding 
thickness determination by excitation of L fluorescence 
of uranium is listed below. Figure XIV shows the details 
of the X-ray spectroscope used in the fluorescent analysis, 
while Figure XV shows the arrangement of the recording 


equipment in the Electronic Circuit Panel. 


A. Analyzing Equipment 

The analyzing equipment employed for the L fluores- 
cent investigation was a lithium fluoride crystal spectro- 
meter designed for fluorescent analysis. The exciting 
X-ray source (with a variable input from 0-50 Kev), specimen 
holder and crystal spectrometer is a combined table-top unit 
manufactured by North American Phillips Company, type 52157. 
The X-ray tube input is regulated by electronic voltage and 
current stabilizers maintaining tube input current to within 


am 0.1% of the assigned value. 
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Fig. XV Electronic Circuit Panel 


78 





B. Detecting Device 

The detecting device employed to count the fluorescent 
radiation was a thallium activated, sodium iodide scintilla- 
tion counter. The quantum counting efficiency of the detector 
is approximately 99% for the Ly, spectral line. The scintil- 
lation detettor, photo-multiplier tube and preamplifier was 
a packaged unit manufactured by Norelco Manufacturing Company, 
type 5225, and was mounted directly on the goniometer arm 
of the crystal spectrometer. The fluorescent radiation from 
the specimen was collimated by a Soller Slit arrangement that 


was integral with the crystal spectrometer. 


C. Recording Equipment 
The following recording equipment was employed in 
analyzing the output of the scintillation head. 
1. A Scintillation/Proportional Unit, Norelco type 
112234, containing: 
a, a linear pulse amplifier 
b. amplitude discriminator 
c. high speed binary eounting stages (not used 
due to malfunction) 
2. Phillips Electronic Circuit Panel No. 12018, 
containing: 
a. Brown Recorder 
b, Clock and Interval Timer 
Co Scaler-Rate Meter 
d. D.C. Power Supply 
€. Electronic Stabilizer 
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Prior to the commencement of data runs a test was 
performed to check upon the randomicity of results. 
This check was made by performing a Chi-Squared test. 
Should the Chi-Squared test indicate non-randomicity 
of data pas equipment would be checked for malfunction 
or spurious response. The test procedure followed is 


outlined by R.D. Evans.| 5 | 


s fold scale = 6400 t=mean counting time 
t; = time for 6400 counts (sec) n=degrees of freedom 
P(X) Probability function 

listed in Evans = | 


a 
T 
a 
: 


t= 


n 


ti — 12.57 5 (t/t; - 1)=1130 x 10° 


5 
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DE "Na ide =) ren 
F = n-1-9 
PO) = 0.6 


A P(X?) of 0.6 is indicative of good randomicity of 


data, indicating that the equipment is operating properly. 


In order to find the optimum operating voltage for 
the photomultiplier tube a plot of counting rate vs. dynode 
voltage was determined for the La, spectral line. The op- 
erating point chosen for future data runs was 885 volts, 
since at this point small fluctuations in dynode voltage 


have & minimum effect on counting rate, 


K Fluorescence Procedures 


The equipment used in conjunction with the investiga- 
tion of cladding thickness measurements by &ttenuation of 
uranium K series fluorescence is, with the exception of 
the analyzing device used, identical to the equipment used 


in the L fluorescence procedure, 


The analyzing device employed in lieu of a crystal 
spectrometer was a pulse height analyzer. It is commercial- 
ly available from the Atomic Instrument Company, model 


number 505, The base line had a range of from zero to 100 
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volts, The window width was variable from zero, to the 
condition in which it would accept all pulses with amplitude 
greater than the base line voltage. A block diagram of the 


circuitry employed is: 


Detector pre-amp linear pulse scaler 


amp, Ineight 
analyzer 





pst XVI Block Diagram of Circuitry - K Fluorescent 
Investigation 


Prior to comnencing data runs it was necessary to 
optimize the equipment settings in order to realize the 
maximum resolution between the uranium K series fluorescent 
radiation and the general scattering from the uranium and 
the overlaying cladding material. This was accomplished 
by making scanning runs of the energy spectrum for both 
uranium and the cladding material. These scanning runs 
were superimposed and resolution of peaks was determined 
as a function of photomultiplier dynode voltage. A rep- 
resentative plot is shown in Figure XVII . It was deter- 
mined that peak resolution increased with increasing dynode 
voltage. Based on the above procedure, the dynode voltage 


selected for future data runs was 900 volts, 
It is interesting to note that the peak of the cladding 
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Fig. XIX Pulse Height Distribution of Energy 
Spectrum of Zirconium on Uranium - 
Varying Thickness of girconium 
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material is the result of scattered radiation rather than 

a fluorescent peak of the cladding material. This is indi- 
cated by Figure XVIII. The dynode voltage was held steady 
at 900 volts, and a series of scans of the zirconium were 
made at varying X-ray voltages, As the X-ray voltage 
decreased the peak shifted steadily down scale, and reduced 
in amplitude. This result is clearly indicative that the 
peak is the result of primary scattered radiation rather 
than a fluorescent peak of the material. While the scans 
shown are those for zirconium, corresponding traces, with 


identical peaks, were found for stainless steel. 


Following completion of the determination of the 
optimum photomultiplier dynode voltage, scans were taken of 
the uranium with varying thicknesses of the cladding material 
overlaid. Figure XIX indicates a representative series of 
scans. It is clearly evident that for increasing thickness 
of zirconium increasing attenuation of the uranium K series 


fluorescence is taking place. 


The geometrical arrangement of the equipment was as 


shown: 
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Figure XX Equipment Arrangement - K Fluorescent 
P Investigation 

In accord with the information gained from the pre- 
liminary scanning runs the base line voltage was set at an 
operating point of 67 volts and the window width at 3.0 
volts. This setting essentially encompassed the fluorescent 
peak of the K series of uranium and blocked all scattered 


radiation. 


Prior to the commencement of data runs a Chi-Squared 
test was made to check randomicity of results. ( See L 
fluorescence procedure - Appendix A ) Proper operation of 
the equipment was indicated. A series of 25,600 counts 
were recorded for varying thichnesses of the cladding mater- 


lals. This data is presented in Tables XVII, XVIII and XIX. 


Following completion of the static runs on the simu- 


lated flat plate specimen, a series of static runs were 
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made on a tubular fuel element ( Fig. III ) which was 
furnished by Nuclear Metals, Inc. The data obtained from 
these runs is presented in Table XX. The geometrical 


arrangement of the tubular fuel specimen is shown below: 
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Figure XXI Specimen Arrangement - Rotational Scan 


To determine the industrial feasibility of this 
process as a quality control measure the tubular specimen 
was scanned at a rotational speed of one revolution per 
minute. This data was continuously recorded on a Brown 


strip recorder. ( Figo. IX ) 


A longitudinal scan of a sectioned cylindrical fuel 
element ( Fig. X ) was also made. The geometrical 
arrangement employed for the longitudinal scan was as shown 


below: 
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Figure XXII Specimen Arrangement = Longitudinal Scan 


The results of this scan were continuously recorded on a 


Brown strip recorder. ( Fig. X ) 


Some of the instabilities in the equipment are partic- 
ularly well illustrated by Figure XIXa . Line surges and 
voltage instabilities consistently created great variations 


in the counting rate, 
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APPENDIX B 


RECORDED DATA 
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TABLE X 
Scattering Intensity from Aluminum with no Uranium Backing 


L Fluorescent Investigation 


X-ray Unit - l5 Kev, 30 ma. Total Count - 102,100 
Cladding Thickness (mils) Counting Time (sec) 

20.0 f | 855.8 

30,0 796.6 

410.0 769.6 

50.4 754.5 

60.9 740.2 

TABLE XI 


General Room Background 


L Fluorescent Investigation 


Total Count Counting Time (sec) 


10,000 1816.6 
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TABLE XII 
L Intensity for Aluminum Cladding on Uranium Backing 
L Fluorescent Investigation 
X-ray Unit - 45 Kev, 30 ma. Total Count - 102,100 


Cladding Thickness (mils) Counting Time (sec) 


20.0 951 
21.0 120.9 
EM 146.0 
25.14 180.7 
Zen 231.0 
28.5 270.6 
30.0 338.8 
319 380.3 
po 129.9 
33.6 429.0 
35 al 174.9 
HO PoETO 
40.0 633.8 
13.6 656.1 
15.4 684.4 
50.4 192907 
60.9 137.2 
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TABLE XIII 
Scattering Intensity from Zirconium with no Uranium Backing 


L Fluorescent Investigation 


X-ray Unit - 25 Kev, 12 ma. Total Count - 1600 
Cladding Thickness (mils) Counting Time (sec) 
2.0 | l 108,1 
o 104.9 
5.0 104.0 
TABLE XIV 


L Intensity for Zirconium Cladding on Uranium Backing 
L Fluorescent Investigation 


X-ray Unit - 25 Kev, 12 ma. 


Cladding Thickness (mils) Counting Time (sec) Total Count 


0.00 | 62.5 51,200 
2.00 lO. 7 12,800 
11.00 99,5 1,600 
5.00 97.3 1,600 
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TABLE XV 
Scattering Intensity from Stainless Steel with 


no Uranium Backing - L Fluorescent Investigation 


X-ray Unit - 25 Kev, 12 ma. Total Count - 1,600 
Cladding Thickness (mils) Counting Time (sec) 
5.0 zZ 191.6 
10,0 193.1 
TABLE XVI 


L Intensity for Stainless Steel Cladding with 
Uranium Backing - L Fluorescent Investigation 


X-ray Unit - 25 Kev, 12 ma. 


Cladding Thickness (mils) Counting Time (sec) Total Count 


0.00 63.1 51,200 
5.0 100% 2 1,600 
10.0 196.2 1,600 
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TABLE XVII 
K Fluorescent Intensity for Stainless Steel Cladding 


with Uranium Backing - K Fluorescent Investigation 


Pulse Height Analyzer - Base Line = 67 volts 
E Window Width - 3.0 volts 
X-ray Unit - 150 Kev, 5 ma. Dynode Voltage - 900 volts 


Total Count - 25,600 


Cladding Thickness Counting Time (sec) 


(mils) Run 1 |Run 2 [Rum 3 
10,0 12.6 12.4 [12.8 
30.0 12% 12.3 12.2 


10.0 12.4 12.0 [12.6 
50,0 E 12.3 112.9 


60,0 12.0 12.5 12.3 
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TABLE XVIII 


K Fluorescent Intensity for Zirconium Cladding with 


Uranium Backing = K Fluorescent Investigation 


Pulse Height Analyzer = 


e, 


X-ray Unit - 150 Kev, 5 ma. 


Base Line - 67 volts 
Window Width - 3,0 volts 


Dynode Voltage - 900 volts 


Total Count - 25,600 


Cladding Thickness 


(mils) Run 1 
5.0 14.4 
10,0 16.6 


2000 o 
25.0 e 


30.0 5.3 
35.0 2705 
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TABLE XIX 
K Fluorescent Intensity for Bare Uranium Specimen 


K Fluorescent Investigation 


Pulse Height Analyzer - Base Line - 67 volts 
F Window Width - 3,0 volts 
X-ray Unit - 150 Kev, 5 ma, Dynode Voltage = 900 volts 


Total Count - 25,600 


Run Number Counting Time (sec) 
12.8 
D 
EET 
jl YI 
1370 
12.6 
2al 


mon DWN FE W N F 


1301 
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TABLE XX 


. Fluorescent radiation from tubular element. Total 


counts per run- 25,600. 


Angular elapsed time (sec 


LM elapsed time (sec)  — 
Orientationi Run kun 2 [Run š [Run 4 [Run 5 [Run 6 |Run 7 
Seo ee 
| 

x 

s 

s 

P 

s 

š 
180 1 $9.90 [39.57 |39 .01 
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Angular uu o -—  . olapsed. timow sco). | 
Orientation|l Run 1| Run 2IRun 23 Run 4 Run SiRun 6 Run 7 
TOM ees, 
41.18 41.58 |41.60 


Background Intensity 
































Counting Time (sec) Total Count 
106,18 800 
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TABLE XXI 
Low Energy Photon Scattering Intensity from Aluminum 
Cladding with Uranium Backing 


Pulse Height Analyzer - Base Line - 50 volts 
‘ Window Width =- 2,0 volts 
X-ray Unit - 150 Kev, l| ma, Dynode Voltage - 900 volts 


Total Count - 25,600 


Cladding Thickness Counting Tj 
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TABLE XXII 


Low Energy Photon Scattering Intensity from Stainless 


Steel Cladding with Uranium Backing 


Pulse Height Analyzer 


% 


X-ray Unit = 150 Kev, 


= Base Line = 50 volts 


Window Width = 2,0 volts 


5 ma. Dynode Voltage = 900 v 


Total Count - 25,600 


Cladding Thickness 
mils 


5.0 
10.0 
15.0 
20,0 
30,0 
40.0 
60,0 
70.0 


se 
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Counting Time (sec) 
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TABLE XXIII 
High Energy Photon Scattering Intensity from Zirconium 


on Uranium Backing 


Pulse Height Analyzer - Base Line - 95 volts 


. Window Width = 9,5 volts 
10 mg. Radium Source Dynode Voltage = 900 volts 


Total Count - 1,600 





Cladding Thickness (mils) Counting Time (sec) 
0.0 40.0 
5,0 41.3 

10,0 1257 
15.0 4303 
20,0 47.5 
25.0 Wes 
30.0 bod 
BE 16.9 
0.0 hlo O 
50.0 16.9 








TABLE XXIV 
High Energy Photon Scattering Intensity from 


Steel on Uranium Backing 


Pulse Height Analyzer - Base Line = 95 
š Window Width = 
10 mg. Radium Source Dynode Voltage 


Total Count - 1,600 


Cladding Thickness (mils) Counting Time 

0,0 f 114.85 
5.0 46.148 
10.0 117.50 
20.0 47.40 
30,0 50.01 
40.0 419.20 
50.0 48.35 
60.0 51.60 
70.0 19.50 
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Stainless 


volts 
9 25 volts 
= 900 volts 


(sec) 





TABLE XXV 
High Energy Photon Scattering Intensity from Aluminum 


on Uranium Backing 


Pulse Height Analyzer - Base Line - 95 volts 
| Window Width - 9.5 volts 
lO mg. Radium Source Dynode Voltage - 900 volts 
Total Count - 1,600 


Cladding Thickness (mils) Counting Time (sec) 

0.0 l bh. 32 

ND 15.20 
10.0 46.73 
20.0 46.2 
30.0 18.42 
40.0 52.90 
50.4 50.08 
60.9 53.85 
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APPENDIX C 


ANALYSIS OF DATA 
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ANALYSIS OF DATA 


L Fluorescence Investigation: 


I Aluminum: 

For the purpose of determining cladding thickness 
only the calibrated curve of fluorescent intensity vs. 
clacding, uncorrected for background and scattering 
intensities, would be required. For the analysis of 
the data, however, it was necessary to remove scattering 
and general room background to obtain the pure fluorescent 
intensity. Since the scattering intensity from aluminum 
was only measured at 10 mil intervals it was necessary 
to interpolate for intermediate values of foil thickness. 


Interpolation values were taken from Table X. 
Ae Subtraction of background from scattering intensity: 


ag N, ry 27. N, E B + r 
(mils A 


> pue enm ser nn 


Be s a on of background from fluorescent intensity: 


Thickness DI N. > B +r 
co x 
| 20 ` ose. 8| 5.3376 | 1071.3] 2.34 | 
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A —  — R y —nAF- F Ay ons x Ñ — 













Thickness| N | r5 Ne B | Er 
(mils) | 


26.7 0.9041 

28.5 578.4 372.9 
238.2 0.51 
Cms | sms [mos | 0407 


Ce Subtracting corrected scattering intensity from 






















corrected fluorescent intensity to obtain true 


fluorescent intensity: 

















Thickness 
(mils) 


N N r +r 







S 


F F S 

1071.3 | 114.2 | 5.4276 | 957.1 | 

841.4 116.3 5.5156 TEL 
695.9 118.2 2.5416 97707 


10h, 




















E 
561.2 | 119.7 441.5 | 1.26 
437.8 | 120.8 | 0.9941 |317.0| 1.00 

28.5 372.9 | 122.1 | 0.7477 |250.8| 0.87 
30s 296.7 | 123.0 | 0.5141 | 173.7| 0.72 


| | [om cd : 
| Thickness | N, | NM > N. | +r x 
| (mils) | | 


31.8 265.8 | 124.1 | 0.4280 | 139.7) 0.65 
33.5 232.7. , 12529 | 9:657 |107 r on om 


55.4 0.58 
36.7 0.51 
io 0.46 
45.6 150.6 | 128.5 0.46 
45.4 
50.4 | 136.2 | 150.2 | 0.1816 | 6.0| 0.08 
60.9 |1s5.4 | 152.8 | 0.1816 | 0.6| 0643 — 


55.6 255.6 125.0 0.5517 108.6 | 0.59 


To facilitate analysis of the results the above 
datg was normalized to the initial counting rate. 
The normalized data for both the raw fluorescent counting 
rates and fluorescent counting rates with room background 
and scattering intensities subtracted is tabulated in 
Tables I and II contained in the section for L 


Fluorescent Results. 
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In order to check the experimental results with theory 


determine the linear attenuation coefficient of aluminum. 

In "E out the computation all error was assumed to 

lis in,y, , the linear attenuation coefficient of the 1th 

run. This assumption effectively lumps the unknown, 

but finite error of the cladding thickness in the attenuation 


coefficient. 


the "Least Squares" method was applied to the data to 
Do MUNERE =H; (X;-X, ) 


from the normalized data ln 1,=0 


820.6 131.8 





d 








(xi -X, ) in Ix. 
as e. 


A a > (X, Re) 


— 15198 3 = 
A — 886.6 X 10 = 160.5 in 


x D |z |x a 
ee mes 
Loer [as | eono | osoa | zor | v-o 


2 V - 892.88 


2 
p 0.6745] 2-75 — 
n - q 


nyc" 9 q=no. of unknowns = 1 J = M Mi 


1 












r= ELO 


MM = 160.547.07 (4.4%) 


A similar calculation for the fluorescent data 
uncorrected for background and scattering intensities 


yielded the following linear attenuation for aluminum: 


4 = Wass ES. 98 
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In order to check the correlation between recorded 
data and theory the following analysis was performed on the 
results of the La, fluorescent investigation for aluminum: 
Uranium L,, excitation edge = 0.72216 A=17.17 Kev 
L,, Spectral Line = 0.91053 A = 13.62 Kev 
Since Puerum energy of the incident X-ray spectrum was 
4S Kev it was assumed that the average energy of the 
excitation photons was equal to the mean excess energy of 


the incident radiation over the L, excitation edge: 


E = hvz 15 +17.17 Kev = 31.08 Kev = 31 Kev 
2 
According to the theoretical value from White:| 1 | 


a (31)= 1,01 cm°/ gm 5 (13.62) = 10 cm’/ gm 


P (Al) — 2.1 gm/om? 
accordingly: 


Me (31) = 6.93 in —4,(13.62)- 68.5 in" 


If we consider the geometry of the fluorescent analysis unit: 





where I, is that attenuated portion of the incident radiation 
which is directed towards the detector. Then it is obvious 


thats 


LI = klLe” = 


o 77 


— lfa X 
P 5er 
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Assuming that there is no attenuation of the uranium 


fluorescent radiation in the uranium itself: 
IUD -LB8.€Xx' lt. 68.5 
=I e= I et EI X 


where, is the total attenuation coefficient of the cladding 
for the incident radiation and 4, is the total attenuation 


coefficient of the cladding for the fluorescent radiation. 


Here = (6093+ S225) = 160.5 in. 


@=26.5 degrees 
The exact value for the take-off angle was not specified 
in the equipment manual. Visual measurements gave a take- 
off angle of approximately 25 degrees. This experimental 


correlation with theory was considered excellent. 
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K Fluorescence Investigation 


In order to facilitate analysis of the data all 
fluorescent intensities of the zirconium cladding trials 
( Table XVIII ) were normalized to the mean of the 
fluorescent intensity obtained with a bare specimen 
( Table XIX ). 

The method of “Least Squares" was applied to 
the fluorescent data to obtain the best fit of the 
fluorescent attentuation curve vs the zirconium 
cladding thickness, (See analysis of data for L 
fluorescent investigation for assumptions) In 
applying the "Least Squares" method, the attentuation 
was assumed to be an exponential function over the 


cladding thicknesses from O to 30 mils. 
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II Tubular Fuel Element - Zircalloy II Cladding: 


A series of tubular specimens with various known 
cladding thicknesses was not available., The particular 
specimen to be tested ( see Fig. III ) had been visually 
measured at one end by Nuclear Metals Inc., and a plot 


of cladding thickness vs. angular orientation was available. 


To correlate the fluorescent readings taken using the 
uranium K series ( Table XX ) it was necessary to make the 


following assumptions: 


l, The attenuation coefficient of Zircalloy II 
is identical to that of zirconium., 
2, The tubular specimen was assumed to be flat 
( a reasonable approximation for the geometry 
used ) 
3. The maximum intensity of fluorescent radiation 
corresponded to the minimum cladding thickness 


as shown by the data of Nuclear Metals Inc, 


Using the above assumptions, and a correction for 
differences in angular orientation between the tubular 
element and the flat slab approximation, an effective 
linear attenuation coefficient for the tubular element 


could be derived: 


11h 





where x! is the effective path length of the photon in 
the cladding matenial, 


For the flat slab approximation: 


et 
Vi 
N a ( see Fig. XX ) 


For the tubular element: 
x!'— t 1 i E (see Fig XXI ) 
sin 28.2 cos 28.2 : 
Therefore, for the tubular fuel element: 


-1 
Mo = 24,6 im 
Using this effective attenuation coefficient a 


plot of normalized intensity vs. cladding thickness is: 


SA AAA 


OS 
Jj pos 
07 


teii N n) D mi 
)0 
MILS 


O.6 


Figure XXIII Intensity of Uranium K Series Fluorescent 
Radiation vs. Zircalloy II Cladding 
Thickness 
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The maximum fluorescent intensity recorded is assumed 
to correspond to the minimum cladding thickness of the 
Specimen, The theoretical bare uranium fluorescent intensity 
can be found as follows: 

The minimum cladding thickness indicated by the data 
of Nuclear Metals, Inc., was 5 mils, while the maximum 
intensity recorded in the data was 672 CPS. From Figure 
XXIII the normalized intensity for 5 mils of cladding is 
0.885. The theoretical intensity for bare uranium can then 


be found from the relationship: 





I 

= = normalized intensity at x 
O 

To === fad ize 


All fluorescent readings were normalized to the 
theoretical I, and a corresponding cladding thickness was 
determined from Figure XXIII. The results of these calcul- 


ations are tabulated below: 
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TABLE XXVI 
Angular Orientation vs. Cladding Thickness 


Tubular Fuel Element 





Cladding Thickness 8 Cladding Thickness 

(mils) (mils) 
180 (tI 
220 2. í 
5.6 
6.3 
O 
9.4 

__— MN 

Lr 
0.6 
340 11.1 
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III Analysis of the data for K fluorescent intensity as 

a function of thickness of stainless steel cladding 

( Table XVII ) indicated no consistent significant changes 
in intensity of fluorescent radiation for changes in 


% 


Cladding thickness. 
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Cladding Thickness (mils) CPS +o 
00 2034 13 

5.0 Poe 12 

10.0 2034 13 

20.0 1961 12 

30.0 2088 ie 

0.0 2076 119 

50.0 2038 13 

60.0 2086 13 





Low Energy Photon Scattering Investigation: 


In order to check correlation of the results of the 
photon scattering investigation with theory the following 
relationship was developed and applied to the data for 


low energy photon scattering by aluminum cladding: 


The probability that a scattering event occurs while 
a photon is traversing a thickness x of the cladding 


material is given by: 


P S (1 - e ) 
where G; is the scattering coefficient of the cladding 
material at the energy of the incident photon. The 
intensity of radiation scattered through an angle of 


90 degrees to the incident beam can be expressed by: 


EE 
pce e *') 


one 
-OLX 
) 


I,, = k (1 = e 


This scattered radiation has a finite probability 
of interacting with the cladding material before escaping 
from the surface. If the scattered photons are assumed 
to be uniformly produced throughout the foil ( good only 
for very thin foils ) the mean probability of photons 
escaping can be approximated by: 


(1 + su) 


2 
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where {foe is the total attenuation coefficient of the 

cladding material for the energy of photons scattered 
through 90 degrees. The intensity of radiation at 90 
degrees to the incident beam can then be approximated 


by: 5 


I, =k (1 - g%% (L + Zes) 


Im the cladding problem the initial intensity is not 
zero since the uranium will contribute an initial intensity, 
Ip, which will be attenuated by the cladding as: 

I — I oo Mets ) & 


Bx be 


where 4, and 4, have the meanings previously assigned. 
The normalized scattering intensity from a clad uranium 
surface can then be approximated by the relationship: 
m ETT 


I QUE (1-e€5")(i4 Ar) + 


No 


(18) 


It should be noted that x is the effective thickness 
of cladding presented to the incident X-ray beam, and 


is therefore a function of the geometry of the experiment. 
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Correlation of equation ( 10 ) with the experimental 


data was checked as follows: 


By assuming a linear variation of the pulse height 
analyzer base line with photon energy the energy of the 
n z photon was determined to be 70 Kev. The energy 
of the incident photon required to produce a 70 Kev photon 


after scattering through 90 degrees can be obtained by 


employing equation ( 7 ). 


1 
CEU- 7 ny Tma ll- cos a ) 


hy = 81 Kev 
The following values were obtained from tabulated values 


for the attenuation coefficients of aluminum: 


81 Kev: M, = 1.233 in G; = 0.891 in 

70 Kev: Mo = 14108 in 
Since the specimen was oriented at l¡5 degrees to the 
incident beam the effective thickness, x, is given by: 

x c DOSE 
where t is the thickness of cladding material on the 
uranium fuel element. 
By substituting the above constants in equation ( 18 ) 

and using the experimentally determined value of normalized 
intensity for 30 mils of aluminum cladding, an empirical 


value for the constant, k, was determined. Values of 
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normalized intensity for 10, 20, HO and 70 mils of aluminum 
cladding thickness were then calculated. The results of 
these calculations, and the corresponding, experimentally 


determined values are tabulated below: 


% 


Cladding Thickness (mils) Itheor. Iexp. 
0.0 1.00 1.00 

10.0 1.36 1.40 

EMO 1.69 IUE 

30.0 2.02 2.02 

ho.o 2.34 pail 

70.0 5 3.01 


Considering the assumptions made in the development 
of equation (18 ), and in selecting values of the attenuation 


coefficients, the correlation is considered good, 
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High Energy Photon Scattering: 


For the analysis of data it was necessary to remove 
the overall room background to determine the change in 
scattered intensity as a function of cladding thickness. 

An Bnalysis of the scattering data is presented 


below for the cladding materials of aluminum, 30) stainless 





steel and zirconium, 
Aluminum Cladding 
Thickness 


10.0 31.25 1.05 12,01 1.02 

















0,93 
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30h Stainless Steel 


Thickness 
(mils) 


#520 
10.0 
20.0 
S 
110,0 
50,0 
60,0 
TOSO 


Zirconium: 
Thickness 
(mils) 
0.0 
ES 
10,0 


ke 
) 


M 
20.0 


25.0 
30.0 
35.0 
10.0 


50.0 


S TÜ SiB S+B 
a 
33.14 10.90 


N r^ r? - B 
sip ^89 


nu 
+ 
© 


33.66 | 1.02 | 11.42 


1.11 
1.00 


I+ 
rj 


1.00 
1.02 
05,77 


100 
0.95 
0.99 





1,06 
1.06 


12h 





It is obvious in analyzing the above data for each 
cladding material that consistent significant changes in 
scattering intensity for changes cf cladding thickness do 


not exist. 
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